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INTRODUCTION 


A  number  of  investigators  have  used1  2  3  4  5  or  are  presently  using  (several 
papers  in  the  proceedings  of  the  8th  International  Cloud  Physics  Conference, 
Clermont-Ferrand,  France,  15-19  July  1980)  the  Knollenberg  Forward  Scattering 
Spectrometer  Probe  (FSSP)  to  determine  the  drop  size  distribution  or  liquid 
water  content  in  atmospheric  cloud.  (This  device  is  manufactured  by  Particle 
Measurement  Systems,  Boulder,  Colorado.)  As  droplets  flow  through  an  illumi¬ 
nated  volume  within  the  device,  laser-light  scattered  by  a  single  drop  into  a 
particular  near-forward  solid  angle  is  measured  and  used  to  determine  droplet 
size  by  electronically  classifying  response  pulses  according  to  their  magni¬ 
tude.  Determination  of  drop  size  from  the  response  is  indirect  because  of  the 
dependence  of  the  response  on  factors  other  than  particle  size,  namely,  the 
refractive-  index  of  the  drop  and  the  lens  geometry  of  the  counter  optical 
system. 

In  the  previously  reported  studies  the  manufacturer-supplied  calibration  was 
used  to  determine  the  drop  size  (and  by  integrating  the  drop  size,  liquid 
water  content)  from  the  instrument  response  voltages.  We  show  in  this  paper 
that  this  procedure  can  result  in  the  drop  size  spectrum  displaying  artificial 
peaks  that  are  peculiar  to  the  instrument,  and  we  offer  a  calibration  proce¬ 
dure  (slightly  different  than  that  supplied  by  the  manufacturer)  that  removes 
these  instrumental  artifacts.  Our  calibration  procedure,  which  has  been 
described  for  the  similar  Knollenberg  CSASP-100  counter  in  an  earlier  paper,6 
involves  grouping  size  channels  so  that  regions  of  multivalued  responses  are 
avoided.  As  a  result,  the  size  resolution  of  the  instrument  is  somewhat 


Stephens,  G.  L. ,  G.  W.  Paltridge,  and  C.  M.  R.  Platt,  "Radiation  Profiles  in 
Extended  Water  Clouds.  Ill;  Observations,"  J  Atmos  Sci,  35 : 21 33-2141 ,  1978. 

2Heymsfield,  A.  J.,  C.  A.  Knight,  and  J.  E.  Dye,  "Ice  Initiation  in  Unmixed 
Updraft  Cores  in  Northeast  Colorado  Cumulus  Congestus  Clouds,"  J  Atmos  Sci, 
36:2216-2229,  1979. 

3Low,  R.  D.  H. ,  L.  D.  Duncan,  and  Y.  Y.  Roger  R.  Hsiao,  Microphysical  and 
Optical  Properties  of  California  Coastal  Fogs  at  Fort  Ord',  ASL-TR-0034, 
US  Army  Atmospheric  Sciences  Laboratory,  White  Sands  Missile  Range,  NM,  1979. 

4Low,  R.  D.  H. ,  Fog  Evolution  in  the  Visible  and  Infrared  Spectral  Regions  and 
its  Meaning  in  Dptical  Modeling,  ASL-TR-Q046,  US  Army  Atmospheric  Sciences 
Laboratory,  White  Sands  Missile  Range,  NM,  1979. 

5Duncan,  L.  D.,  and  R.  D.  H.  Low,  Bimodal  Size  Distributions  Models  for  Fogs 
at  Meppen,  Germany,  ASL-TR-0056,  "US  Army  Atmospheric  Sciences  Laboratory, 
White  Sands  Missile  Range,  NM,  1980. 

6Pinnick,  R.  G. ,  and  H.  J.  Auvertnann,  "Response  Characteristics  of  Knollenberg 
Light-Scattering  Aerosol  Counters,"  J  Aerosol  Sci,  10:55-74,  1979. 
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reduced  (as  compared  to  that  inferred  from  the  manufacturer-supplied  calibra¬ 
tion),  particularly  for  droplets  in  the  0.5um  to  4un  radius  range.  For  larger 
particles  our  calibration  differs  little  from  the  manufacturer's,  in  agreement 
with  the  findings  of  Cannon  and  Grotewold.7 

Our  calibration  is  based  on  Mie  calculations  of  the  instrument's  response  (to 
water  drops).  These  calculations  have  been  experimentally  verified  for  vari¬ 
ous  kinds  of  uniform  particles.  In  section  2,  this  verification  is  dis¬ 
cussed.  In  section  3,  data  collected  with  an  FSSP  in  atmospheric  fog  is 
reduced  to  drop  size  distribution  in  two  ways:  using  the  manufacturer's 
calibration  and  using  our  Mie  calibration.  Differences  are  greatest  in  the 
0.5um  to  2um  radius  range,  where  particles  are  comparable  in  size  to  the 
wavelength  of  the  FSSP  (He-Ne)  laser  source.  In  section  4,  calibration  of  the 
FSSP  instrument  for  measurement  of  spherical  particles  other  than  water  drop¬ 
lets  is  discussed.  In  section  5,  some  results  and  comments  are  offered  on 
measurement  of  slightly  irregular  particles.  Finally,  in  section  6,  FSSP 
sampling  losses  are  investigated. 


FSSP  RESPONSE  CALCULATIONS 

Our  conjecture  is  that  the  FSSP  response  can  be  calculated  assuming  plane  wave 
scattering  by  a  sphere;  that  is,  by  assuming  the  well-known  Mie  theory.  Of 
course,  these  calculations  must  take  into  account  the  particle  size  and 
refractive  index,  the  wavelength  of  the  FSSP  laser  source,  and  the  geometry  of 
the  instrument  optics.  Although  such  calculations  are  straightforward  and 
have  been  reported  previously,6  appendix  A  addresses  some  minor  complications 
that  are  caused  by  focusing  of  the  laser  source  and  have  not  been  considered 
before. 

To  check  the  validity  of  the  response  calculations,  we  measured  the  FSSP 
response  to  uniform  particles  of  known  size  and  refractive  index:  spherical 
particles  of  polystyrene,  polyvinyl  toluene  and  styrene  di vinyl  benzene  latex, 
glass  beads,  and  aluminum.  The  results  are  summarized  in  figure  1,  where  the 
theoretical  response  is  expressed  in  cross-section  per  particle  and  the  mea¬ 
sured  response  in  volts  per  particle.  The  experimental  scale  has  been  normal¬ 
ized  to  the  theoretical  scale  to  achieve  best  agreement  between  experiment  and 
theory  for  the  latex  particles.  The  resulting  normalization  factor  (C  =  2.8  x 
106  V  cm-2  was  used  for  the  remaining  experimental  data. 

It  is  clearly  evident  in  figure  1  that  the  theoretical  response  for  the  FSSP 
is  corroborated  by  measurements  of  uniform  particles  having  three  markedly 


7Cannon,  T.  W. ,  and  W.  W.  Grotewold,  "Improved  Drop  Generators  for  Calibration 
of  Drop  Spectrometers  and  Use  in  Laboratory  Cloud  Physics  Experiments,"  J  Appl 
Meteorol ,  19:901-905,  1980. 

6Pinnick,  R.  G. ,  and  H.  J.  Auvermann,  "Response  Characteristics  of  Knollenberg 
Light-Scattering  Aerosol  Counters,"  J  Aerosol  Sci,  10:55-74,  1979. 
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different  indexes  of  refraction  and  having  radii  lym  to  20um.  In  particular, 
note  that  the  second  latex  resonance  around  lym  radius  (where  a  number  of 
latex  particle  sizes  are  available)  is  borne  out  well  by  the  measurements. 
Further,  similar  measurements  on  uniform  latex  particles  with  a  different  FSSP 
instrument  agree  with  these  results  (S.  G.  Jennings,  private  communication, 
1980).  Thus,  the  theoretical  response  calculations  adequately  predict  the 
FSSP  response  for  spheres,  regardless  of  effects  caused  by  multimode  operation 
of  the  instrument  laser  source  that  might  invalidate  the  plane  wave  assumption 
i n  Mie  theory. 

When  making  cloud  or  fog  measurements  with  the  FSSP,  we  should  therefore  rely 
on  the  theoretical  response  curve  for  water  particles  shown  in  figure  2, 
rather  than  the  manufacturer-suggested  calibration,  which  is  also  shown  in  the 
figure,  for  comparison.  (Appendix  B  explains  how  the  manufacturer's  calibra¬ 
tion  is  plotted  in  figure  2.)  A  word  of  caution  is  required  concerning  use  of 
the  theoretical  curve  to  redefine  size  channels.  Channels  should  be  grouped 
with  less  size  resolution  than  the  response  curve  dictates  because,  in  prac¬ 
tice,  spectra  broadening  effects  result  in  some  cross-channel  sensitivity. 
Thus,  channels  set  near  regions  of  multivalued  response  and  narrow  size  chan¬ 
nels,  where  the  response  curve  is  steep,  should  be  avoided. 

A  comparison  of  the  manufacturer's  calibration  and  our  calibration,  which 
takes  into  account  the  theoretical  response  curve  for  water  and  the  spectra 
broadening  considerations,  is  presented  in  table  1.  We  caution  the  reader 
that  our  calibration  shown  in  table  1  can  only  be  used  for  FSSP  instruments 
with  discriminator  levels  set  as  they  are  for  our  particular  instrument.  FSSP 
instruments  with  different  discriminator  level  settings  would  of  course 
require  different  channel  groupings  and  size  definitions  (see  appendix  B). 


FSSP  FOG  MEASUREMENTS 

To  demonstrate  the  difference  between  invoking  the  manufacturer's  calibration 
and  our  Mie  calibration  for  some  real  data,  we  chose  some  fog  measurements 
made  during  February  and  April,  1978,  near  Meppen,  Germany.  The  measurements 
were  made  with  an  aspirated  FSSP  operated  2  m  above  ground  level  in  a  range¬ 
cycling  mode  allowing  maximum  use  of  the  dynamic  range  of  the  instrument.  In 
this  mode  droplets  in  four  overlapping  size  ranges  are  measured  sequentially, 
and  we  have  combined  the  data  for  a  5-min  time  interval  into  a  single  size 
distribution.  Actually,  the  instrument  completed  a  cycle  of  measurements  in 
only  50  s,  but  we  chose  to  integrate  over  a  longer  period  because  the  fog  was 
relatively  stable  and  we  wanted  to  reduce  statistical  counting  errors. 

The  drop  size  distributions  obtained  from  these  measurements  are  displayed  in 
figure  3;  the  dashed  curve  derives  from  the  manufacturer's  calibration,  and 
the  solid  curve  from  our  Mie  calibration.  (In  both  distributions  the  data 
from  the  first  channel  [of  range  3]  has  been  ignored  because  it  was  sus¬ 
pect.)  Numerous  other  size  distribution  comparisons  are  given  in  appendix 
C.  We  note  that  the  distribution  derived  from  our  calibration  has  fewer  size 
channels,  which  results  from  the  fact  that  we  cannot  use  pulse  height  discrim¬ 
inator  levels  set  in  regions  of  multivalued  response--such  channels  must  be 
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grouped  together  to  avoid  these  regions.  In  fact,  we  suggest  that  the  peaks 
around  0.6un  and  2wn  radius  which  appear  in  the  distribution  derived  from  the 
manufacturer's  calibration  are  a  consequence  of  particle  pile-up  in  channels 
where  the  response  is  multivalued  or  slowly  changing.  Thus,  the  overall  shape 
of  the  distribution  derived  from  the  manufacturer's  calibration  is  correct, 
but  it  contains  artificial  humps,  knees  and  points  of  inflection  near  sizes 
where  the  Mie  response  function  oscillates.  These  artifacts  can  only  be 

expected  to  appear  if  the  instrumert  is  properly  aligned  and  calibrated; 
otherwise,  the  Mie  resonances  may  not  be  resolvable.  Additional ly,  the  arti¬ 
facts  will  likely  not  appear  for  haze  aerosol  unless  the  particles  are  homoge¬ 
neous  and  spherical. 

The  fact  that  the  drop  size  distributions  derived  from  the  manufacturer’s 
calibration  in  the  10un  to  15un  region  show  a  more  pronounced  peak  is  the 
result  of  the  slightly  different  character  of  the  response  curves  in  this 

region  (see  figure  2). 

Finally,  we  note  that  the  liquid  water  contents  for  the  distributions  in 
figure  3  differ  by  only  16  percent  (the  Mie  calibration  resulting  in  lower 
liquid  content),  suggesting  the  manufacturer* s  calibration  is  adequate  for 
liquid  water  content  determinations  in  cloud  and  fog.  The  differences  in 
extinction  coefficients  calculated  from  these  distributions  are  also  small;  we 
found  the  extinction  coefficient  to  be  28  percent  lower  for  the  Mie  calibra¬ 
tion  at  a  wavelength  x  =  0.55um,  26  percent  lower  at  x  =  4um,  and  16  percent 
lower  at  x  =  10um.  Comparisons  of  liquid  water  content  and  extinction  coeffi¬ 
cients  for  a  wide  range  of  fog  measurements,  contained  in  appendix  D,  show 

similar  differences. 


FSSP  MEASUREMENTS  OF  OTHER  SPHERICAL.  PARTICLES 

Measurement  of  particles  other  than  fog  or  cloud  with  the  FSSP  requires  a 
different  calibration.  If  the  particles  are  homogeneous  spheres,  then  the 
calibration  can  easily  be  worked  out  from  the  response  curves  (by  grouping 
channels  together  to  avoid  regions  of  multivalued  response)  in  much  the  same 
way  as  for  water.  Examples  of  response  curves  for  several  refractive  indexes 
characteristic  of  atmospheric  aerosol  constituents  are  shown  in  figure  4.  As 
is  evident  from  the  figure,  the  positions  of  the  resonances  are  refractive 
index-dependent.  The  manufacturer's  calibration  very  roughly  approximates  the 
general  form  of  these  response  curves,  except  for  absorptive  particles  with 
radii  greater  than  3un. 

To  demonstrate  our  calibration  procedure  for  homogeneous  particles  with 
refractive  index  m  =  1.45-0i  we  measured  'in  the  laboratory  an  aerosol  of  Dow 
Corning  200  fluid.  The  resulting  size  distributions  inferred  from  the  data 
appear  in  figure  5.  For  this  aerosol  the  artifacts  in  the  distribution 
derived  from  the  manufacturer 1 s  calibration  move  to  slightly  smaller  particle 
sizes  (as  compared  to  fog,  figure  3),  since  the  oscillations  in  the  response 
functions  are  shifted  (compare  the  theoretical  response  curves  for  m  =  1.33-0i 
and  m  =  1.45-0i  in  figures  2  and  4).  We  have  not.  made  independent  measure¬ 
ments  of  the  Dow  oil  drop  size  distribution,  so  this  figure  by  itself  does  not 
prove  that  our  calibration  procedure  is  more  valid  than  that  supplied  by  the 
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manufacturer.  However,  it  is  unlikely  that  our  technique  of  aerosol  genera¬ 
tion  (a  nebulizer)  would  result  in  the  bimodal  distribution  of  droplets  that 
results  from  invoking  the  manufacturer' s  calibration. 

In  cases  where  the  FSSP  is  used  to  measure  aerosol  of  unknown  or  mixed  compo¬ 
sition  (and  refractive  index),  we  suggest  that  the  manufacturer’s  calibration 
be  used,  with  corrections  for  error  in  particle  size  determined  by  an  envelope 
encompassing  the  possible  response  curves.  Under  the  constraint  that  no  large 
(>  3um  radius)  absorptive  particles  are  present,  these  errors  can  be  expected 
to  be  on  the  order  of  a  factor  2  or  less. 


FSSP  MEASUREMENTS  OF  IRREGULAR  PARTICLES 

The  FSSP  calibration  for  irregular  particles  is  not  so  clear-cut  as  it  is  for 
spheres.  One  problem  is  that  the  intensity  of  light  scattered  by  a  nonspher- 
ical  particle  depends  on  its  orientation  with  respect  to  the  laser  beam  direc¬ 
tion,  so  that  even  identical  nonspherical  particles  measured  with  the  FSSP  may 
result  in  markedly  different  response  pulses.  This  will  obviously  degrade  the 
size  resolution  of  the  instrument.  There  is  also  the  complication  of  deciding 
what  equivalent  radius  to  assign  to  irregular  particles  which  might  have 
rather  complex  morphology--such  particles  commonly  occur  in  the  atmosphere. 

We  decided  to  make  only  a  superficial  investigation  of  the  FSSP  response  to 
irregular  particles  by  limiting  our  measurements  to  only  slightly  nonspherical 
pollens  and  spores.  Figure  6  shows  micrographs  of  some  of  these  particles, 
which  include  puff  ball  spores,  paper  mulberry,  ragweed,  lycopodium,  sweet 
vernal,  and  pecan  pollens.  The  measured  response  to  these  particles,  shown 
compared  to  the  calculated  response  for  spheres  of  equal  cross  section,  are 
presented  in  figure  7.  Also  shown  for  comparison  is  the  FSSP  manufacturer's 
calibration.  The  comparison  suggests  that  the  FSSP  responds  to  slightly 
nonspherical  particles  very  nearly  as  it  would  to  spheres  of  equal  cross 
section  and  refractive  index.  We  can  also  conclude  that  application  of  the 
manufacturer's  calibration  to  measurements  of  slightly  nonspherical  atmo¬ 
spheric  aerosols  (which  generally  have  refractive  indexes  close  to  that  of 
pollens  and  spores)  will  lead  to  undersizing  of  the  particles,  but  probably  by 
not  more  than  a  factor  2.  (We  realize  of  course  that  the  manufacturer  did  not 
intend  that  his  calibration  be  used  for  atmospheric  aerosols.) 

Our  speculation  regarding  the  FSSP  response  to  ice  particles  (which  have 
refractive  index  1.30-0i)  is  that  if  the  particles  are  only  slightly  irregular 
(like  the  pollen  particles  of  figure  6)  their  response  can  be  approximated  by 
that  of  water  spheres.  However,  it  is  doubtful  that  their  response  character¬ 
istics  would  evidence  resonance  structure.  Therefore,  we  cannot  recommend  our 
calibration  procedure  over  that  supplied  by  the  manufacturer  in  this  case. 


13 


FSSP  SAMPLING  LOSSES 


In  its  normal  configuration  the  FSSP  is  aircraft-mounted.  However,  it  can  be 
purchased  with  an  aspirator  and  horn  for  ground  or  laboratory  use.  Since  the 
FSSP  is  capable  of  sensing  particles  that  have  appreciable  fall  speeds,  the 
question  of  nonisokinetic  sampling  losses  was  investigated.  To  accomplish 
this,  a  mixture  of  relatively  small  (7um  mean  diameter)  puff  ball  spores  and 
rather  large  (40um  mean  diameter)  glass  beads  were  sprinkled  into  the  ambient 
air  within  about  5  cm  of  the  FSSP  horn.  (The  aspirator  fan  draws  air  through 
the  horn  and  FSSP  inlet  [which  has  minimum  diameter  1.9  cm]  at  a  rate  of  0.5  1 
s'2  The  proportion  of  spores  to  beads  measured  by  the  FSSP  (for  either 
vertical  or  horizontal  horn  orientations)  was  in  good  agreement  (within  50 
percent)  with  that  determined  by  counting  the  number  of  spores  and  beads  in 
the  mixture  sprinkled  onto  a  microscope  slide.  It  should  be  mentioned  that 
there  is  considerable  uncertainty  in  determining  the  proportion  of  spores  to 
beads  in  both  FSSP  and  microscope  measurements  because  a  significant  fraction 
of  the  spores  stick  to  the  larger  beads.  In  any  case,  assuming  that  the  7wm 
spores  are  sampled  with  100  percent  efficiency  under  calm  air  conditions 
(which  is  a  reasonable  assumption),  these  results  suggest  a  similar  efficiency 
for  the  larger  beads  (and  cloud  droplets  at  least  40um  in  diameter). 


CONCLUSION 

In  summary,  utilization  of  the  FSSP  manufacturer-supplied  calibration  will 
lead  to  fairly  accurate  values  of  cloud  or  fog  liquid  water  content,  but  the 
true  cloud  or  fog  drop  size  distributions  will  be  distorted.  These  distor¬ 
tions  are  evident  in  the  form  of  bumps  or  knees  in  the  size  distribution  at 
about  0.6um  and  2um  radii  and  are  a  consequence  of  the  instrument  having 
multivalued  or  slowly  varying  response  in  these  regions  of  particle  size.  We 
have  offered  an  alternative  calibration  procedure  that  removes  these  artifacts 
in  the  drop  size  distribution.  This  calibration  procedure  can  be  applied  with 
slight  modification  to  FSSP  measurements  of  polydispersions  of  particles  other 
than  water,  providing  they  are  spherical  and  uniform  in  composition.  For 
measurement  of  slightly  irregular  particles  or  particles  of  mixed  composition, 
the  manufacturer's  calibration  will  generally  lead  to  under-sizing  of  parti¬ 
cles,  but  likely  by  not  more  than  a  factor  2. 
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Figure  1.  Comparison  of  the  Knoll enberg  FSSP  response:  measured  for  latex 
spheres  with  refractive  index  m  =  1.588-01  (open  circles),  glass 
beads  with  m  =  1.51-01  (closed  circles),  and  aluminum  spheres  with 
m  -  l.44-3.69i  (square);  and  calculated  using  Mle  scattering  theory 
(smooth  curves).  The  latex  particles  used  Include  particle 
o  no6^****  0.945jin,  1.48ym,  1.74vm,  32.2vm,  40i<n  polystyrene; 

2.02ym,  2.154ym,  2.35um  polyvinyl  toluene;  and  2.70ym,  2.77um, 
3.44Kn,  4.33>m  styrene  dl vinyl  benzene.  The  theoretical  curves  for 
glass  beads  and  aluminum  only  extend  down  to  about  3pm  radius. 
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THEORETICAL  RESPONSE  (cm2/particl«) 


x 


Figure 


2.  Relation  between  the  FSSP  response  and  water  drop  size  as  predicted 
by  theory  (smooth  curve),  and  as  advertised  by  the  manufacturer 
(points).  The  pulse  height  discriminator  level  settings  (for 
ranges  0,  1,  2,  and  3)  used  in  this  particular  instrument  are  also 
shown. 
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Figure  4.  FSSP  response  curves  for  particles  with  refractive  indexes 
characteristic  of  those  of  atmospheric  constituents:  soil -derived 
aerosols  with  m  =  1.525-0.0051,'  desert  aerosols  with  m  =  1.45-0i,’ 
and  carbonaceous  aerosol  with  m  =  2-i.  The  manufacturer-supplied 
calibration  relating  instrument  response  to  particle  size  is  shown 
for  comparison. 

'Grams,  G.  W.,  I.  H.  Blifford,  Jr.,  D.  A.  Gillette,  and  P.  B.  Russell, 
"Complex  Index  of  Refraction  of  Airborne  Soil  Particles,"  J  Appl  Meteorol, 
13:459-471,  1974.  - - 

’Reagan,  J.  A.,  D.  M.  Byrne,  M.  D.  King,  J.  D.  Spinhirne,  and  B.  M.  Herman, 
"Determination  of  the  Complex  Refractive  Index  and  Size  Distribution  of 
Atmospheric  Particulates  From  B1 static-Monostatic  Lidar  and  Solar  Radiometer 
Measurements,"  J  Geophys  Res,  85:1591-1599,  1980. 
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Figure  5 


Same  as  figure  3,  except  In  this  case  oil  droplets  (with  m  = 
1.45-01)  were  measured  rather  than  fog.  The  bumps  In  the  size 
distribution  derived  from  the  manufacturer-supplied  calibration 
(dashed  curve)  again  are  believed  to  be  artifacts  caused  by 
multivalued  response  characteristics  of  the  FSSP.  The  bumps  are 
shifted  to  slightly  smaller  sizes  (as  compared  to  fog)  In 
accordance  with  the  shift  In  the  positions  of  the  oscillations  In 
the  response  curve. 
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Figure  6.  Scanning  electron  microscope  micrographs  of  slightly  nonspherlcal 
pollens  and  spores  used  to  measure  the  FSSP  response 
characteristics. 


THEORETICAL  RESPONSE  (cm2/porticle) 


Figure  7.  Measurements  of  the  FSSP  response  to  slightly  nonspherlcal  pollen 
and  spore  particles  (some  of  which  are  shown  in  figure  6).  The 
measurements  are  compared  to  the  theoretical  response  for  spheres 
of  equal  cross  section  (smooth  curve)  and  to  the 
manufacturer-supplied  calibration  (dashed  curve). 
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APPENDIX  A 


FSSP  RESPONSE  FOR  VARIOUS  COLLECTING  ANGLES 

The  solid  angle  over  which  scattered  light  is  detected  in  the  FSSP  depends  on 
the  size  of  the  dump  spot  located  on  the  right  angle  prism  and  the  dimension 
of  the  prism  itself  (see  figure  A-l).  According  to  the  manufacturer,  the  dump 
spot  has  a  radius  of  2  mm  and  light  is  collected  out  to  a  radius  of  8.7  mm  on 
the  prism  face.  Since  the  prism  face  is  38  mm  away  from  the  particle  plane, 
the  limits  of  the  solid  angle  over  which  light  is  detected  are  easily  calcu- 

2  8  7 

lated:  a  =  arctan  (^g)  =3°,  B  =  arctan  (^g)  =13°.  These  are  the  values 

used  by  Pinnick  and  Auvermann.1 

Because  it  is  likely  that  these  dimensions  are  not  identical  on  every  instru¬ 
ment,  and  because  it  is  possible  that  for  some  instruments  the  laser  beam  may 
not  be  accurately  centered  on  the  dump  spot,  sensitivity  calculations  were 
made  to  determine  the  effects  on  the  calculated  response  curve  for  small 
changes  in  a  and  B.  Thus,  response  curves  for  water  (m  =  1.33-0i)  were  deter¬ 
mined  for  the  angle  pairs  a  =  2.5°,  3  =  14°;  a  =  3°,  B  =  14°;  and  a*  3.5°,  B 
=  14°  (see  figure  A-2).  It  was  found  that  increasing  B  by  1°  results  in  a 
negligible  change  in  the  calculated  response  curve,  but  that  changing  a  by 
0.5°  affects  the  response  curve  markedly.  As  a  decreases  from  3.5°  to  2.5°, 
the  response  of  the  instrument  is  significantly  enhanced  for  particles  with 
radii  greater  than  ~  2um  and  the  "knee"  in  the  response  curve  moves  from 
~  3.5ym  to  ~  7um.  These  effects  can  be  attributed  to  the  forward  "diffrac¬ 
tion"  lobe.  For  intermediate-sized  particles  the  lobe  becomes  more  sharply 
peaked  in  the  forward  direction,  so  that  an  appreciable  fraction  of  the  scat¬ 
tered  light  will  be  found  between  2.5°  and  3.5°.  For  larger  particles  the 
lobe  becomes  even  more  sharply  peaked  and  the  fraction  of  scattered  light 
between  2.5°  and  3.5°,  while  still  appreciable,  is  reduced. 

An  additional  factor  not  taken  into  account  in  calculating  the  FSSP  response 
curves  is  the  focusing  of  the  incident  laser  light.  Using  an  analytical 
expression  derived  by  Hodkinson  and  Greenfield,2  Cooke  and  Kerker3  have  con¬ 
sidered  this  effect  for  various  optical  counters  in  which  the  light  is  highly 
focused.  Their  formulation  is  based  on  the  assumption  that  the  light  is 


Pinnick,  R.  G. ,  and  H.  J.  Auvermann,  "Response  Characteristics  of  Knollenberg 
Light-Scattering  Aerosol  Counters,"  J  Aerosol  Sci,  10:55-74,  1979. 

2Hodkinson,  J.  R.,  and  J.  R.  Greenfield,  "Response  Calculations  for 
Light-Scattering  Aerosol-  Counters  and  Photometers,"  Appl  Opt,  4:1463-1474, 
1965. 

3 Cooke,  D.  D.,  and  Milton  Kerker,  "Response  Calculations  for  Light-Scattering 
Aerosol  Particle  Counters,"  Appl  Opt,  14:734-739,  1975. 
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focused  to  a  dimension  that  is  large  compared  to  the  sizes  of  the  particles, 
but  sufficiently  small  that  a  photon  passing  the  particle  plane  is  equally 
likely  to  have  "originated"  from  any  point  on  the  focusing  lens.  In  the  FSSP 
the  light  is  focused  to  a  diameter  of  ~  200pm  at  the  particle  plane.  The 
half-angle  of  the  focusing  cone  can  be  calculated  as  follows:  o/2  = 

1.5 

arctan  (~^q)  =1.4°,  where  the  diameter  of  the  laser  beam  at  the  condensing 

lens  is  3  mm  and  the  focal  length  of  the  condensing  lens  is  60  mm.  The  FSSP 
response  curve  for  water,  calculated  using  the  expressions  of  Cooke  and  Kerker 
and  normalized  to  unit  intensity  at  the  particle  plane,  generally  falls 
between  the  curves  for  a  =  2.5°,  B  =  14°,  and  a  =  3° ,  B  =  14°  in  figure  A-2. 
(It  is  closer  to  the  latter  curve.)  The  effect  of  the  converging  beam  is  thus 
to  spread  the  detecting  solid  angle  beyond  the  lower  and  upper  limits  of  a 
and  6. 

The  curve  for  a  =  2.5°  and  B  =  14°  probably  places  an  upper  bound  on  the 
actual  response  curve  of  the  instrument.  In  this  work  the  values  a  =  3°  and 
B  =  14°  have  been  used  in  calculating  response  curves  for  various  refractive 
indexes.  The  curves  do  not  differ  in  any  significant  way  from  those  presented 
by  Pinnick  and  Auvermann. 1 


^innick,  R.  G. ,  and  H.  0.  Auvermann,  "Response  Characteristics  of  Knollenberg 
Light-Scattering  Aerosol  Counters,"  J  Aerosol  Sci,  10:55-74,  1979. 
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Figure  A-l.  Schematic  of  the  FSSF-100  optical  system 
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Figure  A-2.  FSSP  response  curves  for  water  drops  (m  =  1.33-Oi)  for  three 
slightly  different  solid  angles  subtended  by  the  light-collecting 
optics.  The  solid  angles  are  defined  by  the  angle  pairs  a  -  e 
(see  figure  A-l). 
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THE  MANUFACTURER'S  FSSP  CALIBRATION 

In  this  appendix  we  show  how  the  manufacturer's  calibration  for  the  FSSP  is 
plotted  relative  to  the  theoretical  response  curve  for  water  in  figure  2.  The 
problem  is  to  determine  the  positions  of  the  instrument  discriminator  level 
settings  (which  are  given  in  the  manual  in  terms  of  voltages)  relative  to  the 
theoretical  response  (in  centimeters2/particle). 

Our  first  step  is  to  determine  the  values  of  the  discriminator  level  voltages 
(DL)  for  the  different  ranges  of  the  instrument  relative  to  each  other  (and 
worry  later  about  the  normalization  to  theoretical  results).  For  convenience, 
we  choose  the  top  of  channel  15,  range  0  to  be  10  V.  The  remaining  discrimi¬ 
nator  levels  in  range  0  can  then  be  taken  to  first  order  directly  from  the 
manual.  To  find  the  voltage  levels  for  the  remaining  ranges  (1,  2,  and  3)  the 
gain  ratios  (GR)  for  the  corresponding  preamplifiers  must  be  deduced  from  the 
appropriate  resistance  values  given  in  the  manual.  Once  this  gain  ratio  is 
found  for  a  particular  range,  the  voltage  level  for  the  top  of  channel  15  for 
that  range  can  be  calculated  relative  to  10  V  (the  top  of  channel  15,  range 
0).  The  remaining  discriminator  levels  in  that  range  can  then  again  be  deter¬ 
mined  from  the  corresponding  voltages  given  in  the  manual. 

A  slight  modification  of  this  procedure  is  required  because  of  the  negative 
bias  offset  voltages  (BO)  employed  in  the  processing  of  particle  signals. 
Unfortunately,  these  bias  offset  voltages  are  different  for  different  ranges 
and  for  different  instruments,  and  may  not  be  given  in  the  manual.  (They  can 
be  easily  measured,  however.)  According  to  the  manufacturer  (private  communi¬ 
cation),  the  effective  offset  (E0)  for  each  discriminator  level  is  scaled 
according  to  the  following  equation: 


E0  =  (^^)B0 


(B— 1 ) 


where  all  voltages  are  in  volts. 

In  order  for  a  signal  to  achieve  a  voltage  level  above  a  given  discriminator 
level,  the  amplified  pulse  due  to  a  particular  particle  must  first  overcome 
this  effective  bias  offset.  Thus,  the  relative  discriminator  level  settings 
(denoted  MC  for  manufacturer  calibration)  can  be  calculated  according  to  the 
following  formula: 

DL  +  (^k)BO 

MC  =  g-  (B-2) 
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In  this  formula  the  value  of  MC  is  again  normalized  to  10  V  at  the  top  dis¬ 
criminator  level  of  channel  15,  range  0.  These  discriminator  level  settings 
(which  depend  on  the  preamplifier  bias  offsets  for  each  range,  the  discrimi¬ 
nator  level  voltages  for  each  range,  and  the  gain  ratios)  together  with  the 
particle  size  definitions  given  in  the  manual  constitute  the  "manufacturer 
calibration"  and  are  given  in  table  B-l  for  our  particular  FSSP  instrument. 
It  is  important  to  note  that  there  may  be  differences  in  bias  offsets,  dis¬ 
criminator  level  voltages,  and  gain  ratios  for  FSSP's  of  different  vintage; 
calibration  of  other  instruments  must  necessarily  take  these  differences  into 
account. 

The  plot  of  relative  discriminator  level  settings  MC  (in  volts)  versus  par¬ 
ticle  size  R  is  fixed  by  the  above  procedure.  The  normalization  constant 
relating  the  experimental  response  (in  volts)  to  the  theoretically  calculated 
scattering  cross  section  (in  centimeters2)  can  then  be  determined  by  using  the 
experimentally  derived  response  voltages  for  spherical  particles  of  known  size 
and  index  of  refraction.  Using  this  normalization,  the  manufacturer's  cali¬ 
bration  can  be  plotted  relative  to  the  theoretical  response  curve  for  the 
aerosol  to  be  measured. 

The  normalization  constant  for  our  FSSP  instrument,  providing  it  is  "in  cali¬ 
bration"  according  to  the  manual,  is  C  =  2.2  x  106  V  cm-2.  As  it  turned  out, 
our  particular  FSSP  was  slightly  out  of  calibration  during  this  study  (latex 
particles  peaked  in  a  slightly  higher  channel  than  advertised  in  the  manual), 
necessitating  use  of  a  slightly  different  normalization  constant  (we  used  2.8 
x  106  V  cm-2).  The  normal ization  constant  C  =  2.2  x  106  V  cm-2  has  been  used 
in  figures  2,  4,  and  7  in  order  to  avoid  confusion  regarding  the  application 
of  these  results  for  a  particular  instrument  at  a  particular  time  to  the  more 
general  problem  of  using  the  manufacturer's  calibration  for  other  FSSP.  The 
response  of  similar  instruments  which  are,  in  fact,  in  calibration  according 
to  the  PMS  instrument  manual  can  be  compared  with  any  of  the  theoretical 
response  curves  given  in  this  paper  by  using  the  value  C  =  2.2  x  106  V  cm-2. 
(The  experimental  response  measurements  shown  in  figures  1  and  7  are  plotted 
using  the  normalization  constant  peculiar  to  our  instrument  C  =  2.8  x  106  V 
cm-2 . ) 
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TABLE  B-l.  FSSP-100  HANUFACTURER  CALIBRATION 
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*HC  denotes  the  relative  discriminator  level  setting  and  was  calculated  according  to  equation  B-2  using 
discriminator  level  voltages  DL  from  the  instrument  manual;  gain  ratios  GR  of  1.00,  2.192,  7.935,  20.1 
(for  ranges  0,  1,  2,  3);  and  bias  offsets  BO  of  20  mV,  25  mV,  30  mV,  60  mV  (for  ranges  0,  1,  2,  3). 


APPENDIX  C 


FSSP  MEASUREMENTS  OF  FOG  DROP  SIZE  DISTRIBUTIONS 

The  data  shown  in  these  figures  are  for  5-min  samples  taken  in  Meppen  at  the 
dates  and  times  indicated.  Comparisons  of  FSSP  fog  drop  size  distributions 
were  obtained  in  two  ways:  one  using  the  manufacturer-supplied  calibration 
(dashed  curve)  and  the  other  using  our  suggested  calibration  based  on  the 
theoretical  response  curve  of  figure  2  (solid  curve).  The  peaks  that  appear 
around  0.6ym  and  2un  radius  in  the  dashed-curve  distributions  are  believed  to 
be  artifacts  caused  by  multivalued  response  characteristics  of  the  FSSP 
instrument. 
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Figure 


Figure 


C-l.  Comparison  for  sample  taken  at  00:11:07,  22  Feb  1978. 


C-2.  Comparison  for  sample  taken  at  01:29:23,  22  Feb  1978. 
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APPENDIX  D 


Figure  D- 


CALCULATIONS  OF  EXTINCTION  COEFFICIENTS  AND 
LIQUID  WATER  CONTENTS  BASED  ON  FSSP  DATA 


(a) 


(b) 

1.  Comparison  of  fog  extinction  coefficients  calculated  from  FSSP 
drop  size  distributions  measured  during  February  1978  in  Meppen, 
Germany.  Extinction  coefficients  are  calculated  for  each  case  in 
two  ways:  one  is  based  on  the  FSSP  manufacturer-supplied  cali¬ 
bration  and  the  other  is  based  on  our  Mie  calibration  given  in 
table  1.  The  results  show  the  extinction  coefficients  derived 
from  the  manufacturer  calibration  are  overestimated  compared  to 
those  based  on  our  Mie  calibration,  but  not  by  more  than  20 
percent. 
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Figure  0-1.  (cont) 


Figure 


(MIE  CALIBRATION) 


D-2.  Comparison  of  fog  liquid  water  content  calculated  from  FSSP  drop 
size  distributions  measured  during  February  1973  in  Meppen,  Germany. 
Liquid  water  content  values  are  calculated  in  each  case  two  ways:  one 
is  based  on  the  FSSP  manufacturer-supplied  calibration  and  the  other  is 
based  on  our  Mie  calibration  given  in  table  1.  The  results  show  the 
liqued  water  contents  derived  from  the  manufacturer  calibration  are 
overestimated  compared  to  those  based  on  our  Mie  calibration,  but  not 
by  more  than  25  percent. 
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(Mr.  Michael  Starks/Mr.  Julian  Chernick) 
Aberdeen  Proving  Ground,  MD  21005 


Director 

US  Army  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-J  (Mr  James  F.  O’Bryon) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Anny  Materiel  Systems  Analysis  Activity 
ATTN:  DRXSY-LM  (Mr.  Robert  M.  Marchettl) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  William  W.  Carter 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM  (Mr.  Robert  McCoskey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Robert  Humphrey) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Z.  G.  Sztankay) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-R-CM-NM  (Dr.  Joseph  Nemarlch) 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Air  Force  Systems  Command 

ATTN:  WER  (Mr.  Richard  F.  Picanso) 

Andrews  AFB,  «)  20334 

Martin  Marietta  Laboratories 
ATTN:  Jar  Mo  Chen 
1450  South  Rolling  Road 
Baltimore,  W)  21227 
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Commander 

US  Army  Concepts  Analysis  Agency 
ATTN:  CSCA-SMC  (Mr.  Hal  E.  Hock) 

8120  Woodmont  Avenue 
Bethesda,  MO  20014 

Director 

National  Security  Agency 
ATTN:  R52/Dr.  Douglas  Woods 
Fort  George  G.  Meade,  MD  20755 

Chief 

Intelligence  Materiel  Development 
&  Support  Office 

US  Army  Electronic  Warfare  Laboratory 
ATTN:  DELEW-I  (LTC  Kenneth  E.  Thomas) 
Fort  George  G.  Meade,  MD  20755 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
ATTN:  Dr.  Michael  J.  Lun 
John  Hopkins  Road 
Laurell,  MD  20810 

Dr.  Stephen  T.  Hanley 
1720  Rhodesia  Avenue 
Oxon  Hill,  MD  20022 

Science  Applications  Inc. 

ATTN:  Mr.  G.  D.  Currie 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Science  Applications  Inc. 

ATTN:  Dr.  Robert  E.  Turner 
15  Research  Drive 
Ann  Arbor,  MI  48103 

Commander 

US  Army  Tank -Automotive  Research 
&  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Harry  Young) 
Warren,  MI  48090 

Commander 

US  Army  Tank  Automotive  Research 
S  Development  Command 
ATTN:  DRDTA-ZSC  (Mr.  Wallace  Mick,  Jr.) 
Warren,  MI  48090 


Or.  A.  D.  Belmont 
Research  Division 
Control  Data  Corporation 
P.0.  Box  1249 
Minneapolis,  MN  55440 

D1 rector 

US  Army  Engr  Waterways  Experiment  Station 
ATTN:  WESEN  (Mr.  James  Mason) 

P.0.  Box  631 
Vicksburg,  MS  39180 

Dr.  Jerry  Davis 
Department  of  Marine,  Earth 
and  Atmospheric  Sciences 
North  Carolina  State  University 
Raleigh,  NC  27650 

Commander 

US  Army  Research  Office 

ATTN:  DRXRO-GS  (Dr.  Leo  Alpert) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Research  Office 
ATTN:  DRXRO-PP  (Brenda  Mann) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Cold  Regions  Research 
S  Engineering  Laboratory 
ATTN:  CRREL-RD  (Dr.  K.  F.  Sterrett) 
Hanover,  NH  03755 

Commander/Di  rector 
US  Army  Cold  Regions  Research 
S  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  George  Altken) 
Hanover,  NH  03755 

Commander 

US  Anny  Cold  Regions  Research 
i  Engineering  Laboratory 
ATTN:  CRREL-RG  (Mr.  Roger  H.  Berger) 
Hanover,  NH  03755 

Commander 

US  Army  Armament  Research 
A  Development  Command 
ATTN:  DRDAR-AC  (Mr.  James  Greenfield) 
Dover,  NO  07801 


Commander 

US  Army  Armament  Research 
4  Development  Command 
ATTN:  DRDAR-TSS  (Bldg  #59) 

Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
&  Development  Command 
ATTN:  DRCPM-CAWS-EI  (Mr.  Peterls  Jansons) 
Dover,  NJ  07801 

Commander 

US  Army  Armament  Research 
*  Development  Command 
ATTN:  DRCPM-CAWS-EI  (Mr.  G.  H.  Waldron) 
Dover,  NJ  07801 

Deputy  Joint  Project  Manager 
for  Navy/USMC  SAL  GP 

ATTN:  DRCPM-CAWS-NV  (CPT  Joseph  Ml  cell) 
Dover,  NJ  07801 


Commander 

US  Army  Electronics  Research 
4  Development  Command 
ATTN:  DRDEL-SA  (Dr.  Walter  S.  McAfee) 
Fort  Monmouth,  NJ  07703 

OLA,  2WS  (MAC) 

Holloman  AFB,  NM  88330 
Commander 

Air  Force  Weapons  Laboratory 
ATTN:  AFWL/WE  (MM  John  R.  El  rick) 
Klrtland,  AFB,  NM  87117 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 
D1 rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL  (Dolores  Angulano) 
White  Sands  Missile  Range,  NM  88002 


Commander/Di  rector 

'JS  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  DELCS-I  (Mr.  David  Longlnottl) 
Fort  Monmouth,  NJ  07703 

Commander/Di rector 

US  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  DELCS-PE  (Mr.  Ben  A.  Di  Campll) 
Fort  Monmouth,  NJ  07703 

Commander/Di  rector 

US  Army  Combat  Surveillance  4  Target 
Acquisition  Laboratory 
ATTN:  DELCS-R-S  (Mr.  Donald  L.  Folanl) 
Fort  Monmouth,  NJ  07703 

Director 

US  Army  Electronics  Technology  4 
Devices  Laboratory 
ATTN:  DELET-DD  (S.  Danko) 

Fort  Monmouth,  NJ  07703 

Project  Manager 
FIREFINDER/REMBASS 

ATTN:  DRCPM-FFR-TM  (Mr.  John  M.  Blal'o) 
Fort  Monmouth,  NJ  07703 


DI rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  Louie  Dominguez) 
White  Sands  Missile  Range,  NM  88002 

Director 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TDB  (Mr.  William  J.  Leach) 
White  Sands  Missile  Range,  NM  88002 

DI rector 

USA  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-TGP  (Mr.  Roger  F.  Willis) 
White  Sands  Missile  Range,  NM  88002 

Director 

Office  of  Missile  Electronic  Warfare 
ATTN:  DELEW-M-STO  (Dr.  Steven  Kovel) 
White  Sands  Missile  Range,  NM  88002 

Office  of  the  Test  Director 
Joint  Services  EO  GW  CM  Test  Program 
ATTN:  DRXDE-TD  (Mr.  Weldon  Findley) 
White  Sands  Missile  Range,  NM  88002 

Commander 

US  Army  White  Sands  Missile  Range 
ATTN:  S7EWS-PT-AL  (Laurel  B.  Saunders) 
White  Sands  Missile  Range,  NM  88002 


Commander 

US  Army  R4D  Coordinator 
US  Embassy  -  Bonn 
Box  165 

APO  New  York  09080 

Grumman  Aerospace  Corporation 
Research  Department  -  MS  A08-35 
ATTN:  John  E.  A.  Selby 
Bethpage,  NY  11714 

Rome  Air  Development  Center 
ATTN:  Documents  Library 
TSLD  (Bette  Smith) 

Griff iss  AFB,  NY  13441 

Dr.  Roberto  Vagi io-Laurin 
Faculty  of  Arts  and  Science 
Dept,  of  Applied  Science 
26-36  Stuyvesant  Street 
New  York,  NY  10003 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (Mr.  Harold  Geltmacher) 
Wright-Patterson  AFB,  OH  45433 

Air  Force  Wright  Aeronautical  Laboratories/ 
Avionics  Laboratory 

ATTN:  AFWAL/AARI-3  (CPT  William  C.  Smith) 
Wright-Patterson  AFB,  OH  45433 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R  (CPT  James  M.  Watson) 

Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD-MS 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  NOAA  Liaison  Officer 

(CDR  Jeffrey  G.  Carlen) 

Fort  Sill,  OK  73503 


Commandant 

US  Army  Field  Artillery  School 
Morris  Swett  Library 
ATTN:  Reference  Librarian 
Fort  Sill,  OK  73503 

Connander 

Naval  Air  Development  Center 
ATTN:  Code  301  (Mr.  George  F.  Eck) 
Warminster,  PA  18974 

The  University  of  Texas  at  El  Paso 
Electrical  Engineering  Department 
ATTN:  Or.  Joseph  H.  Plerlulssl 
El  Paso,  TX  79968 

Commandant 

US  Army  Air  Defense  School 

ATTN:  ATSA-CD-SC-A  (CPT  Charles  T.  Thorn) 

Fort  Bliss,  TX  79916 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-OP-Q  (CPT  Henry  C.  Cobb,  Jr.) 
Fort  Hood,  TX  76544 

Commander 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-SCI  (Dr.  Darrell  W.  Collier) 
Fort  Hood,  IX  76544 

Connander 

US  Army  Dugway  Proving  Ground 
ATTN:  STEDP-MT-DA-L 
Dugway ,  UT  84022 

Commander 

US  Amy  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-M  (Mr.  Paul  E.  Carlson) 

Dugway,  UT  84022 

Commander 

US  Amy  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  John  Trethewey) 

Dugway,  UT  84022 

Commander 

US  Amy  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (Mr.  William  Peterson) 

Dugway,  UT  84022 
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Defense  Documentation  Center 
ATTN:  DDC-TCA 
Cameron  Station  Bldg  5 
Alexandria,  VA  22314 
12 

Ballistic  Missile  Defense  Program  Office 
ATTN:  DACS-BMT  {Colonel  Harry  F.  Ennis) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Defense  Technical  Information  Center 
ATTN:  DDA-2  (Mr.  James  E.  Shafer) 
Cameron  Station,  Bldg  5 
Alexandria,  VA  22314 

Commander 

'JS  Army  Materiel  Development 
4  Readiness  Command 

ATTN:  DRCBSI-EE  (Mr.  Albert  Giambalvo) 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commander 

US  Army  Materiel  Development 
4  Readiness  Command 
ATTN:  DRCLDC  (Mr.  James  Bender) 

5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Steve  Zakanyez 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Dr.  James  Tegnelia 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Institute  for  Defense  Analyses 
ATTN:  Mr.  lucien  M.  Biberman 
400  Army-Navy  Orive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Ernest  Bauer 
400  Army-Navy  Drive 
Arlington,  VA  22202 

Institute  for  Defense  Analyses 
ATTN:  Dr.  Hans  G.  Wolf hard 
400  Army-Navy  Drive 
Arlington,  VA  22202 


System  Planning  Corporation 
ATTN:  Mr.  Daniel  criedman 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

System  Planning  Corporation 
ATTN:  COL  Hank  Shelton 
1500  Wilson  Boulevard 
Arlington,  VA  22209 

US  Army  Intelligence  4  Security  Command 
ATTN:  Edwin  Speakman,  Scientific  Advisor 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commander 

US  Army  Operational  Test 
4  Evaluation  Agency 
ATTN:  CSTE-ED  (Mr.  Floyd  I.  Hill) 

5600  Columbia  Pike 
Falls  Church,  VA  22041 

Commander  and  Director 
US  Army  Engineer  Topographic  Laboratories 
ATTN:  ETL-GS-A  (Mr.  Thomas  Neidrlnghaus) 
Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  4 
Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Rudolf  G.  Buser) 

Fort  Bel  voir,  VA  22060 

Di rector 

US  Army  Night  Vision  4 
Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Robert  S.  Rodhe) 

Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  4 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Mr.  Joseph  R.  Moulton) 
Fort  Bel  voir,  VA  22060 

Director 

US  Army  Night  Vision  4 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Luanne  P.  Obert) 

Fort  Bel  voir,  VA  22060 
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Oi rector 

US  Army  Night  Vision 
A  Electro-Optics  Laboratory 
ATTN:  OELNV-VI  (Mr.  Thomas  W.  Cassidy) 
Fort  Bel  voir,  VA  22060 

Oi rector 

US  Army  Night  Vision  A 
Electro-Optics  Laboratory 
ATTN:  OELNV-VI  (Mr.  Richard  J.  Bergemann) 
Fort  Bel  voir,  VA  22060 

Di rector 

US  Army  Night  Vision  A 
Electro-Optics  Laboratory 
ATTN:  DELNV-VI  (Or.  James  A.  Batches) 

Fort  Bel  voir,  VA  22060 

Commander 

'JS  Army  Training  A  Doctrine  Command 

ATTN:  ATCD-AN 

Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  &  Doctrine  Command 

ATTN:  ATCO-AN-M 

Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  A  Doctrine  Command 
ATTN:  ATCD-F-A  (Mr.  Chris  O'Connor,  Jr.) 
Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  A  Doctrine  Command 
ATTN:  ATCD-IE-R  (Mr.  David  M.  Ingram) 

Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  A  Doctrine  Command 
ATTN:  ATCD-M-I/ATCD-M-A 
Fort  Monroe,  VA  23651 

Commander 

US  Army  Training  A  Doctrine  Command 
ATTN:  ATDOC-TA  (Dr.  Marvin  P.  Pastel) 

Fort  Monroe,  VA  23651 

Department  of  the  Air  Force 
OL-I ,  AWS 

Fort  Monroe,  VA  23651 


Department  of  the  Ai r  Force 
HQS  5  Weather  Wing  (MAC) 

ATTN:  5  WW/DN 

Langley  Air  Force  Base,  VA  23655 
Commander 

US  Army  INSCOM/Quest  Research  Corporation 
ATTN:  Mr.  Donald  Wilmot 
6845  Elm  Street,  Suite  407 
McLean,  VA  22101 

General  Research  Corporation 
ATTN:  Dr.  Ralph  Zirkind 
7655  Old  Springhouse  Road 
McLean,  VA  22102 

Science  Applications,  Inc. 

8400  Westpark  Drive 
ATTN:  Dr.  John  E.  Cockayne 
McLean,  VA  22102 

US  Army  Nuclear  A  Chemical  Agency 
ATTN:  MONA-WE  (Dr.  John  A.  Berberet) 

7500  Back lick  Road,  Bldg  2073 
Springfield,  VA  22150 

Director 

US  Army  Signals  Warfare  Laboratory 
ATTN:  DELSW-EA  (Mr.  Douglas  Harfcleroad) 
Vint  Hill  Farms  Station 
Warrenton,  VA  22186 

Di rector 

US  Army  Signals  Warfare  Laboratory 
ATTN:  DELSW-OS  (Dr.  Royal  H.  Burkhardt) 
Vint  Hill  Farms  Station 
Warrenton,  VA  22186 

Commander 

US  Army  Cold  Regions  Test  Center 
ATTN:  3TECR-TD  (Mr.  Jerold  Barger) 

APO  Seattle,  WA  98733 

HQDA  (SAUS-OR/Hunter  M.  Woodall,  Jr./ 

Dr.  Herbert  K.  Fall  in) 

Rm  2E  614,  Pentagon 
Washington,  DC  20301 

COL  Elbert.  W.  Friday,  Jr. 

OUSDRE 

Rm  3D  129,  Pentagon 
Washington,  DC  20301 
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Defense  Communications  Agency 
Technical  Library  Center 
Code  222 

Washington,  DC  20305 
Director 

Defense  Nuclear  Agency 

ATTN:  Technical  Library  (Mrs.  Betty  Fox) 

Washington,  DC  20305 

Di rector 

Defense  Nuclear  Agency 
ATTN:  RAAE  (Dr.  Carl  Fitz) 

Washington,  DC  20305 

Di rector 

Defense  Nuclear  Agency 

ATTN:  SPAS  (Mr.  Donald  J.  Kohler) 

Washington,  DC  20305 

Defense  Intelligence  Agency 
ATTN:  DT/AC  (LTC  Robert  Poplawski) 
Washington,  DC  20301 

HQDA  (DAMA-ARZ-O/Dr.  Verderame) 
Washington,  DC  20310 

HQDA  (DAMI-ISP/Mr.  Beck) 

Washington,  DC  20310 

Department  of  the  Army 
Deputy  Chief  of  Staff  for 
Operations  and  Plans 
ATTN:  DAMO-RQ 
Washington,  DC  20310 

Department  of  the  Army 
Director  of  Tel ecornmuni cations  and 
Command  and  Control 
ATTN :  DAMO-TCZ 
Washington,  DC  20310 

Department  of  the  Army 

Assistant  Chief  of  Staff  for  Intelligence 

ATTN:  DAMI-TS 

Washington,  DC  20310 

HQDA  (DAEN-RDM/Dr.  de  Percin) 

Casimir  Pulaski  Building 
20  Massachusetts  Avenue 
Room  6203 

Washington,  DC  20314 


National  Science  Foundation 
Division  of  Atmospheric  Sciences 
ATTN:  Dr.  Eugene  W.  Bierly 
1800  G.  Street,  N.W. 

Washington,  DC  20550 

Director 

Naval  Research  Laboratory 

ATTN:  Code  4320  (Or.  Lothar  H.  Ruhnke) 

Washington,  DC  20375 

Commanding  Officer 

Naval  Research  Laboratory 

ATTN:  Code  6009  (Dr.  John  MacCallum,  Jr.) 

Washington.  DC  20375 

Commanding  Officer 

Naval  Research  Laboratory 

ATTN:  Code  6530  (Mr.  Raymond  A.  Patten) 

Washington,  DC  20375 

Commanding  Officer 

Naval  Research  Laboratory 

ATTN:  Code  6533  (Dr.  James  A.  Dowling) 

Washington,  DC  20375 
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Height  by  Month  over  White  Sands  Missile  Range,  NM,"  ECOM-5579, 
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16.  Avara,  Elton  P. ,  "On  the  Spectrum  Analysis  of  Binary  Data,"  EC0M-5580, 
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17.  Taylor,  Fredrick  J. ,  Thomas  H.  Pries,  and  Chao-Huan  Huang,  "Optimal  Wind 
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